Non-porous reversed-phase (NP-RP) HPLC has been used to rapidly generate protein profiles of whole cell lysates of human breast cancer cell lines. The non-porous packing material used was silica coated with C18, which provided rapid separation with high collection efficiency of proteins from cell lysates. This method was used to study the differences in protein profiles among normal cells and fully malignant cells that share a common genetic background. The highly expressed proteins in each cell type were separated and collected in the liquid state where they were analyzed by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOFMS) to obtain the molecular weight of the proteins. The protein fractions were then subjected to tryptic digestion and analyzed by pulsed delay extraction (PDE)-MALDI-TOFMS to obtain the peptide maps. The expressed proteins were identified based upon the molecular weight and peptide map using database-searching procedures. It is shown that key cancer-related proteins can be detected and identified which may be potentially used as biomarkers for cancer detection. Copyright # 1999 John Wiley & Sons, Ltd.
The transformation of cells into malignant cancer depends on genetic mutations. These mutations lead to the activation of cellular oncogenes that take over the processes in the cell transforming it into an entity that continues to survive and proliferate. In turn this transformed cell may undergo further mutations and develop into a fully malignant tumor cell. Although these changes in the cell occur at the DNA level, they must ultimately be expressed in terms of the protein content of the cell. Small mutations in the DNA may manifest themselves as large changes in the resulting protein cascades that control various functions in the cell. Many of the mutations that occur in the DNA result in posttranslational changes in the proteins that cannot be predicted from the DNA information. Thus, changes in the cell that result from malignant transformation are often best followed by monitoring changes in the protein expression that results.
The traditional method of studying changes in cellular protein expression has been two-dimensional polyacrylamide gel electrophoresis (2-D PAGE). [1] [2] [3] [4] [5] More recently, several liquid phase based techniques have been developed for the separation of proteins. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] These methods include the use of liquid chromatography, which allows a means of separating and isolating proteins in the liquid phase. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Reversed-phase (RP) C18 column separations have been used to separate proteins from whole cell lysates of bacterial cells 16 and from human lymphocyte nuclei. 12 The use of such chromatographic separations allows the rapid screening of proteins from whole cell lysates on a time scale of less than an hour as compared with the extended time required running a 2-D gel. The use of liquid phase separations also provides proteins in the liquid phase that can be more easily analyzed by mass spectrometry.
In recent work, non-porous reversed-phase (NP-RP) high performance liquid chromatography (HPLC) has been used for separations of whole cell lysates of bacterial 16 cells and human erythroleukemia (HEL) cells. 10 The use of these non-porous, C18 coated, silica-based packing materials has been shown to provide important advantages in the separations of protein mixtures compared with the porous columns. The NP-RP-HPLC separations showed excellent resolution for separations of proteins in less time than the porous columns. Separations of whole cell lysates using the non-porous columns can be performed in typically [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] minutes. The use of non-porous packing avoids the problem of proteins sticking inside the pores of porous materials and thus considerably improves the resolution and protein recovery.
In this work, we use NP-RP-HPLC to rapidly separate proteins from whole cell lysates of breast cancer cell lines. The MCF-10 cell lines examined in this work have been developed based upon spontaneous immortalization of breast epithelial cells obtained from a patient with fibrocystic disease. 17 Since all cell lines examined in this work were derived from a single patient, irrelevant differences in gene expression should be minimized. The NP-RP-HPLC method is thus used to rapidly screen the proteins from whole cell lysates of two malignant cell lines and one normal (immortalized) cell line. The method is used to search for elevated levels of proteins or the appearance of new proteins in the malignant cells as compared with the normal cells. It is shown that several key cancer-related proteins, including p53, [18] [19] [20] [21] [22] [23] [24] [25] [26] c-src, [27] [28] [29] c-myc, [30] [31] [32] and hras, 30, 33 are observed in the malignant cell lines at highly elevated levels compared with the normal cells. In addition, the protein-containing liquid can be collected following separation and analyzed after tryptic digestion using MALDI-TOFMS. The resulting peptide map can be entered into the MS-Fit of the Protein Prospector Database for identification. It is demonstrated that NP-RP-HPLC of whole cell lysates with analyses by MALDI-TOFMS may serve as a powerful tool for rapid monitoring of changes in oncogene expression in human breast carcinoma.
EXPERIMENTAL Chemicals
The chemicals involved in this study were used without prior purification. Acetone (HPLC grade) was obtained from Fisher (Fair Lawn, NJ, USA). Acetonitrile, guanidine hydrochloride (gu-HCl), a-cyano-4-hydroxycinnamic acid (a-CHCA), trifluoroacetic acid (TFA) and octyl glucopyranoside (OCG) were from Aldrich (Milwaukee, WI, USA). Trypsin was acquired from Promega (Madison, WI, USA). Distilled and deionized water was obtained from a Milli-Q reagent grade purification system from Millipore (Bedford, MA, USA). The nitrocellulose (NC) used, Immobilon-NC Pure, was also from Millipore.
Cell cultures
The MCF-10 cell samples used in these experiments originated by spontaneous immortalization of breast epithelial cells from a fibrocystic patient. 17 Immortalized MCF-10A cells are not transformed and share many properties with normal breast epithelial cells. Fully malignant, metastatic variants, MCF-10 Cala and Cald, were also derived from the same source. 34 Cells were maintained in a humidified CO 2 incubator at 37°C and adherent cells harvested in log phase ($70-80% confluence). In order to harvest the cells, the growth media was aspirated and the cells gently washed with PBS, prior to scraping with a rubber policeman. The cells were immediately frozen (À80°C) upon removal from the tissue culture dishes.
Matrix, substrate and sample preparation a-CHCA was the matrix used in these experiments. For MALDI analysis, the matrix was prepared as a saturated solution in a 4:1 ratio of acetone to Milli-Q water containing 0.1 to 0.5 % TFA. Before applying the sample solution to the steel probe tip, 2 mL of nitrocellulose (NC; $10 mg/mL in acetone) were applied to the tip and allowed to air dry followed by 3-5 mL of sample solution, which were also allowed to air dry. The final step involved the addition of 4 mL of matrix solution onto the probe tip that were also air dried.
The cell pellets were lysed in 200 mL of 50 mM Tris buffer ($pH 7), 6 M gu-HCl and 5-10 mM OCG. This mixture was vortexed for 30 s and stored overnight at À20°C. Subsequently, the lysate was fractionated by centrifugation in an Eppendorf centrifuge at 16500 rpm for 20 min. In order to remove as much particulate and cell debris as possible, the soluble portion was centrifuged at 16500 rpm for another 10 min. The most reproducible results were observed when the soluble portion was analyzed within 24 h.
Using a Speed-Vac the total volume of the NP-RP-HPLC collected fractions was reduced to 10-20 mL in order to remove the acetonitrile and TFA. Then 10 mL of 50 mM ammonium bicarbonate were added to each fraction and it was vortexed. Finally, 2 mL of the sequencing grade modified trypsin (0.5 mg/mL) were added to the fractions. Again the mixtures were vortexed and incubated at 37°C for 24 h.
After tryptic digestion, the resulting peptides were subjected to PDE-MALDI analysis to obtain peptide maps. In the PDE-MALDI analysis, one part of the saturated matrix solution was diluted 10 fold, i.e. 9 mL of acetone (0.1 to 0.5 % TFA) were added to 1 mL of matrix solution. Then 2 mL of this diluted matrix solution were added directly to the probe tip. To improve the PDE-MALDI mass spectra, the peptide solution generated by tryptic digestion was reacidified by adding 2 to 5 mL of Milli-Q water (0.1 % TFA). Then 8 mL of this acidified digest solution were mixed with 1 mL of the diluted matrix solution. This mixture was vortexed, and 3 mL were applied to the dried matrix layer. When this layer was dry, another 3 mL were added and dried. This procedure was repeated several times.
NP-RP-HPLC analysis
A Beckman (Fullerton, CA, USA) System Gold 1 HPLC was utilized for this work. The pump (Model 128) has a gradient solvent delivery module with built-in system controller. The detector is a programmable detector module (Model 166) with an analytical flow cell. The deuterium lamp provides a wide range of detection from 190 to 700 nm. All separations in this work were monitored at 214 nm. The column was provided by MICRA (Northbrook, IL, USA). It contained non-porous silica bead packing material of 1.5 mm particle diameter coated with C18. The dimension of the column was 4.6 Â 33 mm where the widebore column was necessary to collect an adequate amount of material and the short length allowed for rapid separations on the order of minutes. The RP-HPLC separations of proteins in the tumor cell lysate was performed via gradient elution of two solvents (solvent A: Milli-Q water with 0.1 % TFA; solvent B: acetonitrile with 0.1 % TFA) with a flow rate of 1 mL/min where the temperature of the non-porous column was maintained at 60°C in a Timberline (Boulder, CO, USA) column heater. The gradient profile used for solvent B was generally as follows: 0 % for 1.5 min; 0 to 10 % in 2 min; 10 to 60 % in 25 min; 60 to 80 % in 5 min; 80 to 100 % in 1 min; 100 % for 2 min; 100 to 0 % in 1 min. In order to obtain a reproducible separation profile, the sample was 'conditioned' to the column environment by mixing the sample with an equivalent amount of water (0.1 % TFA), or a 1:1 ratio. This acidifying step was performed prior to sample injection. Each injection contained an average of 50 mg of protein. The fractions collected were subsequently subjected to MALDI analysis to size the protein masses. Each of the peaks contained an average of $1-5 mg available for analysis after collection. The fractions were then digested by trypsin before undergoing PDE-MALDI analysis to obtain their peptide maps.
MALDI mass spectral analyses
The TOF mass spectrometer employed in these studies was a modified Wiley-McLaren design with a four-plate acceleration stage. 35 It was capable of high voltage acceleration up to AE20 kV (R. M. Jordan Co., Grass Valley, CA, USA). The laser source used to produce MALDI was a Minilite 1 10 Hz Nd:YAG laser system (Continuum, Santa Clara, CA, USA). All mass spectra were obtained using 355 nm radiation. The laser power density was estimated at $5 Â 10 6 to 1 Â 10 7 W/cm 2 . The detector was a triple microchannel plate (MCP) detector (R. M. Jordan Co.) which adapted a CuBe conversion dynode with postacceleration (PA) capability up to AE 12 kV 36 in front of the MCP. The total ion acceleration across the TOF device may thus be b30 kV. The PA stage enhances the detection of heavy species, but at the expense of resolution. In addition, pulsed delayed extraction (PDE) as described in previous studies [37] [38] [39] [40] [41] could be used to enhance the resolution for the analysis of the tryptic digests. The 1-m long flight tube was pumped to a base pressure of 8 Â 10 À7 to 1 Â 10 À6 Torr by a diffusion pump (Varian Inc., Lexington, MA, USA). Data was recorded using a LeCroy 9310AM (400 MHz) digital oscilloscope (LeCroy Corp., Chestnut Ridge, NY, USA) and was processed on a Gateway 586 computer.
Database-searching procedure for protein identification
The MS-Fit sequence database located in the Protein Prospector program was used for protein identification by entering the peptide masses generated by tryptic digestion. The program is available on the Internet. 42 Subsequently, other relevant parameters such as protein species, molecular weight and pI range are also entered in order to narrow down the search. In this case, Homo sapiens was chosen as the species. Since these proteins were obtained from HPLC, no pI information was available. Thus, the pI range was set between 3 and 10. The range of molecular weight values for each search was determined by MALDI analysis. The tolerance for the search of peptides against the database was set between 5 and 30 Da. Figures 1(a)-(c) show the protein profiles of whole cell lysates of the MCF-10 based breast epithelial cell lines for two different cell lysates of malignant cell lines (Figs 1(a) , (b)) and for the normal immortalized cell line ( Fig. 1(c) ). The gradient (between 10 and 60 % B) is shown in each figure where the expressed peaks of interest are labeled based upon the percent acetonitrile as they eluted. Since different gradients were run in each case, the time axis cannot be used as a means of comparison in these separations. Each of the labeled peaks was collected as a fraction in the liquid state and part of the fraction was used to obtain the molecular weight by MALDI-TOFMS. The remainder was subjected to tryptic digestion and the resulting tryptic map was entered into the MS-Fit Database to identify these proteins.
RESULTS AND DISCUSSION
The protein profiles generated by NP-RP-HPLC clearly show large differences in the proteins expressed in the malignant cells (Figs 1(a) and (b) ) as compared with the normal cells (Fig. 1(c) ). The proteins identified using tryptic digestion are listed in Table 1 , while the differences in peak expression level (or relative peak absorbance) between the two malignant cell lines and normal cell line are tabulated in Table 2 . The distinctive feature in the malignant cancer cell lines is the overexpressed presence of p53 (peak 7) and proto-oncogene tyrosine kinase SRC (c-src) (peak 8) as compared with normal cells. In addition, other proteins often associated with cancer progression such as c-myc, hras and various related proteins are also observed. In particular, the p53 peak serves as a distinctive marker of the cancer cells. It is known that p53 is expressed at high levels in a number of tumor types and its overexpression is often an indicator of unfavorable prognosis for several cancers including breast cancer. [43] [44] [45] As a key tumor suppressor protein, p53 plays an important role in regulating the cell cycle and normal cell growth. [18] [19] [20] The loss of p53 function due to a variety of mutations in different types of cancer is believed to be a significant factor in the unrestrained growth of cancer cells. All normal cells have low levels of p53. However, mutations in p53 can increase its half-life from 20 minutes to several hours, thus resulting in accumulation of p53 in cancer cells. 23 The levels of p53 detected in these breast cancer cell lines clearly dominate the protein profiles under 80 kDa. It is not known at present from the MALDI-TOFMS peptide map data whether the p53 is the wild or mutant form. In order to determine the presence of either point mutations or phosphorylations, more detailed sequencing procedures will be required.
In addition, c-src is an oncoprotein of the kinase type that is observed in both the malignant cancer cell lines (Figs 1(a) and (b)) but is not observed at comparable levels in the normal cell protein profile of Fig. 1(c) . Mutations of src are believed to be involved in cell transformation and its overexpression results from the phosphorylation of target proteins. [27] [28] [29] This transformation may be due to the increased level of phosphorylation, or a change in the site of phosphorylation may be involved. Moreover, src is able to phosphorylate itself and the state of phosphorylation of src may be important in its transforming activity. The MALDI peptide map in this work did not provide sufficient information to determine where the src was mutated. Nevertheless, the presence of c-src in the cancer cell protein profiles in this work makes it a potential marker for cancer detection.
An important aspect of Figs 1(a) and (b) is that there are distinct differences in protein expression for the two malignant cancer cell lines, even though they were developed from a common genetic background. In Fig.  1(a) , in the calaCL1 cell line, there are strong peaks for the L-myc proto-oncogene protein and the c-myc promoter protein; whereas in the caldCL1 cell line (Fig. 1(b) ) these two proteins are less expressed. Thus, multiple genetic pathways can be taken in the progression to malignancy. The c-myc is an important oncogene that may be important in the development of tumors. However, alternative oncogenes or other factors may provide alternative mechanisms for carcinogenesis in these breast cancer cell lines. In both cell lines the overexpression of p53 and c-src still remain as possible biomarkers for the detection and prognosis of these types of tumor.
In conclusion, NP-RP-HPLC provides a rapid method for separation of proteins from whole cell lysates of cancer cell lines. This method can be used with MALDI-TOF mass spectral analysis to identify highly expressed proteins, which are biomarkers for carcinogenesis. These proteins include the important tumor suppressor p53 and well-known oncogenes such as c-src, c-myc, h-ras and related proteins. It has been shown that there are large differences in the expression of p53 and c-src between the normal (immortalized) breast epithelial cell line and the fully malignant species. Further, there are salient differences in the expression of different oncogenes between the two related breast cancer cell lines studied. The presence of p53 and these key oncogenes may serve as important biomarkers for detection and prognosis of tumors in future studies.
